The Lia system, a cell envelope stress response module of Bacillus subtilis, is comprised of the LiaRS two-component system and a membrane-anchored inhibitor protein, LiaF. It is highly conserved in the Firmicutes bacteria, and all orthologs investigated so far are activated by cell wall antibiotics. In response to envelope stress, the systems in Firmicutes cocci induce the expression of a number of genes that are involved in conferring resistance against its inducers. In contrast, a complete picture of the LiaR regulon of B. subtilis is still missing and no phenotypes could be associated with mutants lacking LiaRS. Here, we performed genome-wide transcriptomic, proteomic, and in-depth phenotypic profiling of constitutive "Lia ON" and "Lia OFF" mutants to obtain a comprehensive picture of the Lia response of Bacillus subtilis. In addition to the known targets liaIH and yhcYZ-yhdA, we identified ydhE as a novel gene affected by LiaR-dependent regulation. The results of detailed follow-up gene expression studies, together with proteomic analysis, demonstrate that the liaIH operon represents the only relevant LiaR target locus in vivo. It encodes a small membrane protein (LiaI) and a phage shock protein homolog (LiaH). LiaH forms large oligomeric rings reminiscent of those described for Escherichia coli PspA or Arabidopsis thaliana Vipp1. The results of comprehensive phenotype studies demonstrated that the gene products of the liaIH operon are involved in protecting the cell against oxidative stress and some cell wall antibiotics. Our data suggest that the LiaFSR system of B. subtilis and, presumably, other Firmicutes bacilli coordinates a phage shock protein-like response.
research, the physiological role of this system is still poorly understood (14, 48) . In B. subtilis, the regulatory network is even more complex. At least three ECF factors ( M , W , and X ) and four TCS (BceRS, LiaRS, YvcPQ, and YxdJK) have been described to be involved in the response of this organism to the presence of cell wall antibiotics and other envelopeperturbing agents (28) .
A unique three-component system orchestrates the cell envelope stress response in most Firmicutes (low-GϩC, Gram-positive) bacteria. In B. subtilis, it is comprised of the TCS LiaRS and a membrane-anchored negative regulator, LiaF. The latter is invariantly linked to its cognate TCS by function and genomic context in all species harboring LiaRS homologs (28, 29, 44) . While the role of LiaF has so far only been investigated in B. subtilis and Streptococcus mutans (29, 30, 55) , LiaRS-like systems have also been described in a number of other Firmicutes species. The best-understood LiaRS homolog is the VraSR system of Staphylococcus aureus. This system has initially been identified and described for its contribution to antibiotic resistance in clinical isolates of S. aureus (9, 19, 36, 37) . More recently, a number of detailed biochemical studies have addressed both the phosphotransfer between the sensor kinase VraS and the response regulator VraR and the phosphorylation-dependent DNA-binding specificity of VraR (5, 6, 15, 39) . Other Lialike systems that have been genetically and physiologically investigated include CesSR of Lactococcus lactis and the recently described LiaFSR system of Streptococcus pneumoniae (16, 43) .
In all species but B. subtilis, the LiaRS-like TCS regulate a number of target loci, including those that directly contribute to the resistance against envelope-perturbing conditions that function as stimuli. Moreover, the collective data seem to indicate that these systems are the major (and often the only) CESR systems of these bacteria. In contrast, the Lia system of B. subtilis (and presumably also other species of the genera Bacillus and Listeria) is embedded in a complex regulatory network that contains not only other TCS but also ECF factors. Interestingly, regulon comparison and physiological data indicate that the Lia systems in Firmicutes cocci regulate genes and confer phenotypes that are subject to ECF-dependent regulation in B. subtilis (28) . In contrast, a direct physiological contribution of the LiaRS system to the CESR of B. subtilis has not yet been established. This is especially surprising since the response of the B. subtilis LiaFSR system to the presence of lipid II-interacting antibiotics is much stronger and more specific than that of any of the other Lia-homologous systems investigated so far: the expression of the LiaR-dependent liaIH operon is induced 100-to 1,000-fold in the presence of sublethal amounts of its specific inducers (46, 59) , in contrast to a mere 2-to 5-fold induction of the respective target genes in L. lactis, S. aureus, and S. mutans. Homologs of the liaIH operon are absent in all Firmicutes cocci, indicating a functional diversification between the two groups of LiaFSRlike systems. These functional differences are also supported by the LiaR binding site of the Bacillus/Listeria group, which differs significantly from the consensus sequence determined for the Firmicutes cocci (16) .
Taken together, the data derived from studies of Lia-like systems in different Firmicutes cocci clearly establish their role as the most important CESR system in these bacteria. In contrast, there is still a very limited understanding of the physiological role of LiaFSR in B. subtilis and other bacilli. In order to gain a comprehensive overview of the Lia response of B. subtilis, we decided to apply a range of "omics" technologies to identify all LiaR-dependent genes and proteins and the associated phenotypes. Using DNA microarrays, we first compared the genome-wide expression profile of a "Lia ON" mutant to that of a "Lia OFF" mutant. We identified three LiaR target loci, including the two known operons liaIH and yhcYZ-yhdA (29, 45) . The promoter upstream from the third target, ydhE, was further analyzed and a putative LiaR binding site could be identified. The results of the subsequent expression analysis and proteomic studies strongly suggest that the liaIH operon is the only relevant target of LiaR-dependent gene expression in wild-type cells. We therefore performed in-depth phenotyping by comparing a Lia ON mutant to a liaIH deletion strain. No influence of LiaR-dependent gene expression on any cellular differentiation could be observed. In contrast, a phenotype microarray analysis combined with follow-up phenotypic profiling established a protective role of the liaIH gene products against envelope and oxidative stress. These data, together with the results from oligomerization studies of the primary target protein LiaH, indicate that the LiaFSR system of B. subtilis (and, presumably, other Firmicutes bacilli) coordinates a phage shock protein-like response, reminiscent of PspA in E. coli.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacillus subtilis was grown in LB medium or Mueller-Hinton broth at 37°C with aeration. All strains used in this study are derivates of the laboratory wild-type strains W168 and CU1065 (W168 trpC attSP␤) and are listed in Table 1 . The antibiotics kanamycin (10 g ml Ϫ1 ), chloramphenicol (5 g ml Ϫ1 ), tetracycline (10 g ml Ϫ1 ), and erythromycin (1 g ml Ϫ1 ), plus lincomycin (25 g ml Ϫ1 ) for macrolide-lincosamide-streptogramin (MLS) resistance, were used for selection of the B. subtilis mutants. Transformation was carried out as described previously (24) . Allelic replacement mutagenesis using LFH-PCR. The long flanking homology PCR (LFH-PCR) technique is derived from a published procedure (58) and was performed as described previously (45) . The strains constructed are listed in Table 1 , and the corresponding primers are listed in Table 2 .
Construction of markerless deletion and insertion mutants. Markerless deletions of the liaIH operon (including its promoter) and liaF, as well as an insertion mutant introducing an artificial terminator sequence between the 3Ј ends of liaR and gerAC (liaR-terminator-gerAC), were constructed using the vector pMAD (2) . The genomic regions approximately 1 kb up-and downstream of the genes were amplified using the primers listed in Table 2 , thereby introducing a 26-bp extension to the 3Ј end of the upstream fragment which is complementary to the 5Ј end of the downstream fragment. The two fragments were fused in a second PCR, and the resulting fragment was cloned into pMAD via BamHI and EcoRI, generating pSJ102 (liaF), pDW103 (P liaI -liaIH), and pDW105 (liaR-terminatorgerAC). The generation of the mutants basically followed the established procedure (2) . In brief, B. subtilis W168 was transformed with pSJ102 or pDW105 (Table 3 ) and incubated at 30°C with MLS selection on LB agar plates supplemented with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 100 g ml
Ϫ1
). Blue colonies were selected and incubated for 6 to 8 h at 42°C in LB medium with MLS selection, resulting in the integration of the plasmids into the chromosome. Blue colonies were again picked from LB (X-Gal) plates and incubated at 30°C for 6 h in LB medium without selection. Subsequently, the liquid culture was shifted to 42°C for 3 h, and the cells were then plated on LB (X-Gal) plates, this time without selective pressure. White colonies that had lost the plasmids were picked and checked for MLS sensitivity. The resulting strains, TMB329 (⌬liaF), TMB604 (⌬P liaI -liaIH), and TMB611 (liaR-terminator-gerAC), were subsequently analyzed by PCR and sequencing for the integrity of the desired genetic modifications.
Measurement of induction by ␤-galactosidase assay. Cells were inoculated from fresh overnight cultures and grown in LB medium at 37°C with aeration until they reached an optical density at 600 nm (OD 600 ) of ϳ0.4. The culture was split; bacitracin (50 g ml Ϫ1 final concentration) was added to one-half (induced sample), and the other half was left untreated (uninduced control). After incubation for an additional 30 min at 37°C with aeration, 2 ml of each culture was harvested and the cell pellets were stored at Ϫ20°C. The pellets were resuspended in 1 ml working buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM ␤-mercaptoethanol) and assayed for ␤-galactosidase activity, with normalization to cell density, as described in reference 47. Preparation of total RNA. B. subtilis CU1065, TMB002 (liaF::kan), and HB0933 (liaR::kan) were grown aerobically at 37°C in LB medium to late-log phase (OD 600 of 0.8; growth rate of the wild type was 0.031 Ϯ 0.001, of the liaR mutant was 0.030 Ϯ 0.001, and of the liaF mutant was 0.026
Thirty milliliters of each sample was mixed with 15 ml cold killing buffer (20 mM Tris-HCl, pH 7.0, 5 mM MgCl 2 , 20 mM NaN 3 ), harvested by centrifugation, and frozen in liquid nitrogen. For cell disruption, the pellet was resuspended in 200 l killing buffer, immediately transferred to a Teflon vessel (filled and precooled with liquid nitrogen), and then disrupted with a Mikro-Dismembrator U (Sartorius). The resulting cell powder was resuspended in 3 ml of lysis solution (4 M guanidine thiocyanate, 0.025 M Na acetate, pH 5.2, 0.5% N-lauroyl sarcosinate), and the RNA was extracted twice with phenol-chloroform-isoamyl alcohol (25: 24:1), followed by chloroform-isoamyl alcohol (24:1) extraction and ethanol precipitation. RNA samples were treated with an RNase-free DNase kit (Qiagen) according to the manufacturer's instructions and purified using RNeasy mini columns (Qiagen). Quality control of the RNA preparations was performed with an RNA 6000 Nano LabChip kit (Agilent Technologies) on an Agilent 2100 Bioanalyzer according to the manufacturer's instructions.
DNA microarray analysis. The RNA samples obtained from three independent cultivations were used for independent cDNA synthesis and DNA microarray hybridization. The generation of the Cy3/Cy5-labeled cDNAs and hybridization to B. subtilis whole-genome DNA microarrays (Eurogentec) were performed as described previously (32) . The slides were scanned with a ScanArray Express scanner (PerkinElmer). Quantification of the signal and background intensities was carried out using the ScanArray Express image analysis software.
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Transcriptome data analysis. Data were analyzed using GeneSpring software (Agilent Technologies). The raw signal intensities were first transformed by intensity-dependent LOWESS normalization. The normalized array data were subjected to statistical analysis using Cyber-T, a program based on a t test combined with a Bayesian statistical framework (4). The software is accessible through a web interface at http://cybert.microarray.ics.uci.edu. The mRNA abundance was considered to be significantly different between samples obtained from wild-type and mutant strains if (i) the Cyber-T Bayesian P value was Ͻ0.001 and (ii) the averaged fold change was at least 3.
Northern hybridization analysis. Northern blot analysis was carried out as described previously (25) using equal amounts of total RNA (5 g) separated under denaturing conditions on a 1.2% formaldehyde agarose gel. Chemiluminescence was detected with a Lumi-Imager (Roche, Germany) using CDP-Star (Roche, Germany) as the substrate. The transcript sizes were determined by comparison with an RNA size marker (Invitrogen). The digoxigenin-labeled specific-RNA probes were synthesized by in vitro transcription using T7 RNA polymerase from the T7 promoter-containing internal PCR products of liaIH, ydhE, and yhcY using the primers listed in Table 2 .
Cloning, expression, and purification of recombinant His 10 -tagged LiaR and LiaH. The liaR and liaH genes were amplified from B. subtilis W168 genomic DNA by PCR using oligonucleotide pairs TM1045/-0124 and TM0118/-0120, respectively. The PCR product was cloned into the pET-16b expression vector (Novagen, Germany) using the added restriction sites and confirmed by sequencing. For overexpression, E. coli BL21(DE3)/pLysS (Novagen, Germany) was transformed with pDW1604 (His 10 -LiaR) or pFK1601 (His 10 -LiaH) and grown in LB medium. In mid-log phase (OD 600 of 0.6 to 0.8), protein expression was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cultures were harvested 3 h after induction and washed in ZAP (10 mM Tris, 200 mM NaCl, pH 7.4). Due to low accessibility of the His tag under native protein folding, His 10 -LiaH was purified under denaturing conditions in the presence of 2 M urea in the ZAP buffer. Cell pellets were resuspended in 10 ml ZAP, and cells were disrupted by 3 passes through a French press at 1,000 lb/in 2 . The lysate was centrifuged at 11,000 ϫ g and 4°C for 30 min. The supernatant was loaded on a gravity flow column with 1 ml Ni 2ϩ -nitrilotriacetic acid (NTA) Superflow matrix (Qiagen, Germany). After washing steps with ZAP and ZAP containing 5 mM and 10 mM imidazole, His 10 -LiaR was eluted from the column using ZAP with imidazole concentrations of 25 mM, 50 mM, 100 mM, 200 mM, 300 mM, and 500 mM. All fractions were analyzed using SDS-PAGE. Fractions containing purified His 10 -LiaR were used for gel mobility shift experiments. Fractions containing purified His-tagged LiaH were dialyzed against ZAP to remove imidazole and urea. After this treatment, His 10 -LiaH was again unable to bind Ni 2ϩ -NTA, indicating proper refolding (data not shown). This protein was then used for oligomerization studies.
Gel mobility shift assays. DNA fragments of the promoter regions upstream of liaI (180 bp), yhcY (313 bp), ydhE (323 bp), and bceA (161 bp, control) were amplified by PCR (primers are listed in Table 2 ). The products were purified using a PCR purification kit (SLG, Germany) and diluted to a final concentration of 2.5 ng ml Ϫ1 with band shift buffer [20 mM HEPES, 10 mM (NH 4 ) 2 SO 4 , 1 mM dithiothreitol (DTT), 30 mM KCl, 10 mM MgCl 2 , pH 7.9]. Phosphorylation of LiaR was carried out by incubation for 30 min at 37°C in band shift buffer containing 12.5 mM acetyl phosphate (40) . Binding of His 10 -LiaR was carried out in band shift buffer in a 15-l reaction mixture containing 5 ng PCR product and various amounts of phosphorylated LiaR. The binding reaction mixtures were incubated at 25°C for 20 min. The samples were loaded onto native 8% polyacrylamide gels in 1ϫ TGE buffer (50 mM Tris, 400 mM glycine, 1.73 mM EDTA). Electrophoresis was carried out at 25 mA and room temperature for 1 h. Gels were stained with SYBR green I (Molecular Probes) for 15 min, and DNA was detected by scanning with a Bio-Vision 3000 fluorescence imager (Peqlab, Germany).
Phenotype microarray analysis. Phenotype microarray assays were performed by Biolog (Hayward, CA) according to the published procedure (www.biolog .com/pmTechDesOver.html), using a tetrazolium dye (8) . Incubation and recording of phenotypic data were performed in the OmniLog station by capturing digital images of the microarray and storing quantitative color change values in a computer file displayed as a kinetic graph. The OmniLog-PM software generates time course curves for the redox state of the tetrazolium dye and calculates differences in the areas for mutant and control cells. The units are arbitrary. Positive values indicate that the mutant showed greater rates of growth than the control. The differences are the averages of the values reported for two or more clones of each mutant compared to the average values for the corresponding control strains. All significant hits (as defined by Biolog) are listed in Table S1 in the supplemental material both for the comparison of strain TMB329 (markerless liaF deletion; hereinafter ⌬liaF) and of strain TMB211 (liaH::kan pspA::cat) to the wild type (W168). Determination of the MIC. For determination of MICs, strains W168, TMB329 (⌬liaF), and TMB604 (⌬P liaI -liaIH markerless deletion) were grown in LB medium overnight at 37°C with aeration. One hundred microliters of each overnight culture was then added to 5 ml Mueller-Hinton broth with different concentrations of the tested substances and a positive control (Mueller-Hinton broth only), respectively. The cultures were incubated for 6 h with aeration at 37°C, and the final OD 600 values were determined. The concentration of each compound at which no growth was detectable was defined as the MIC.
Serial dilution spot tests. The strains W168, TMB329, and TMB604 (Table 1 ) were incubated in 3 ml LB medium overnight at 37°C with aeration. One hun- ) of every strain was spotted onto Mueller-Hinton agar plates containing the compounds of interest at different concentrations and incubated at 37°C overnight.
Preparation of cytoplasmic proteins and 2-D PAGE. B. subtilis strains CU1065 (wild type), HB0920 (liaH::kan), and TMB002 (liaF::kan) were grown in LB medium to mid-log phase (OD 600 of 0.6 to 0.8). The preparation of cytoplasmic proteins and subsequent two-dimensional (2-D) PAGE were performed as described previously (12) . The 2-D gels were stained with colloidal Coomassie brilliant blue and analyzed using Delta-2D software (Decodon, Germany). Proteins of interest were excised and identified by matrix-assisted laser desorptionionization-tandem time-of-flight (MALDI-TOF-TOF) mass spectrometry.
Oligomerization studies of His 10 -LiaH by transmission electron microscopy. Twenty microliters of purified His 10 -LiaH (diluted 10-fold in ZAP buffer [pH 8.5] supplemented with 100 g l Ϫ1 PEG 2000) was applied to a piece of parafilm. A carbon-coated Formvar-nickel grid was incubated for 30 s on the drop. After a brief wash with water, the grid was incubated for 10 s in 4% uranyl acetate and briefly dried on filter paper. Electron microscopy was carried out with a Philips EM 301 instrument at calibrated magnifications. Images were recorded on IMAGO electron-sensitive films (Plano, Germany). Magnifications were calibrated with a cross-lined grating replica. Markham rotational analysis of images of LiaH rings was performed as described previously (42) .
Size exclusion chromatography. A Superose 6 column was used on an Ä kta fast protein liquid chromatography system (GE Healthcare). The column was equilibrated with running buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 5 mM MgCl 2 , and 0.5 mM DTT). LiaH was used at a final concentration of 10 M, and a sample of 100 l was applied to the column. Gel filtration experiments were performed at room temperature with a flow rate of 0.5 ml min
Ϫ1
. The eluted fractions were collected, precipitated with acetone, and subsequently analyzed using SDS-PAGE.
RESULTS
LiaFSR-like three-component systems are highly conserved in Firmicutes bacteria. In contrast to the situation in low GϩC Gram-positive cocci, where LiaFSR-like three-component systems function as the primary CESR systems, the physiological role of LiaFSR homologs in the Bacillus group is less well understood (28) . Therefore, the aim of this study was to perform in-depth analyses to identify the LiaR regulon and phenotypes associated with LiaR-dependent gene expression. For this purpose, we used two mutants that were previously described to represent the constitutive Lia ON and Lia OFF states of the system (29) . In a liaR mutant which lacks the response regulator, no LiaR-dependent gene expression can occur (Lia OFF). In contrast, liaF encodes an inhibitor of the LiaRS TCS; a mutant with a mutation in this gene, therefore, represents the constitutive Lia ON state of the system. Identification of LiaR-dependent genes. Previously, we had identified two LiaR target promoters, P liaI and P yhcY (29, 45) , but a comprehensive picture of the LiaR regulon was still missing. We therefore performed a DNA microarray analysis by comparing the transcriptome patterns of the Lia ON and Lia OFF mutants with that of the wild-type strain to gain specific information on LiaR-dependent gene expression. The corresponding strains W168 (wild type), TMB002 (liaF::kan), and HB0933 (liaR::kan) ( Table 1) were grown in LB medium to mid-logarithmic growth phase (OD 600 of 0.5). Cells were harvested and snap-frozen. Subsequently, total RNA was prepared, reverse transcribed, labeled, and hybridized to B. subtilis microarrays representing the complete set of annotated genes (see Materials and Methods for details). The results from competitive hybridization are shown in Table 4 . The genomic organization of putative LiaR target genes is illustrated in Fig.  1A . The complete microarray data set can be found in Table S1 in the supplemental material.
The strongest effects relative to the results for the wild type were observed in the liaF mutant. This was to be expected, since deletion of the inhibitor gene liaF results in a constitutively active (i.e., phosphorylated) response regulator LiaR. Therefore, all genes that are affected (directly or indirectly) by LiaR-dependent gene expression should be positively or negatively modulated. Only three loci were significantly upregulated ( Fig. 1A and B) . The strongest effect was observed for the primary target of LiaR-dependent regulation. Compared to the results for the wild type, the liaIH operon was induced 200-to 300-fold in the liaF mutant, while its expression was reduced about 2.5-fold in the liaR mutant (data not shown; also see Table S1 in the supplemental material). Moreover, the expression of liaG was also strongly induced. The significantly weaker values were caused by partial termination of transcription after liaH (29) . While the expression of the complete liaIHGFSR operon in antibiotic-induced wild-type cells is well documented, the increased expression values for liaSR from this microarray work need to be interpreted with caution, since they are most likely influenced by the strong expression of the (Fig. 1C) . Two major transcripts of about 1.3 kb (liaIH) and 5 kb (liaIHG-kan-liaRS) can be detected. Moreover, a number of larger but weaker transcripts can also be seen, supporting the read-through countertranscription into the ger operon, as indicated by the microarray data. A similar, albeit weaker effect is also observed in the liaR::kan mutant, indicating positive polar downstream effects based on the expression of the resistance cassette from its own strong constitutive promoter. The physiological consequence of this effect is further described below. The second already-known LiaR target, the yhcYZ-yhdA operon, was also identified in this study as significantly (12-to 25-fold) induced in the liaF mutant. Here again, weakly increased values for two genes further downstream indicate read-through transcription. In addition, one novel potential target gene was identified. The monocistronic ydhE gene (Fig.  1A) was induced 15-fold in the Lia ON mutant, while its expression was slightly reduced in the Lia OFF strain. The LiaR-dependent expression of this gene was analyzed in more detail (see below for details). In both cases, transcripts of the expected sizes were also detected in the corresponding Northern blots (Fig. 1C) . It should be noted that these two loci were not induced by bacitracin in the wild type, in contrast to the lia locus (Fig. 1B) . The significance of this observation will be addressed below.
In addition, three genes (hag, yvzB, and yxkC) showed a Ͼ3-fold reduced expression level in the liaF mutant but also an ϳ2-fold reduction in the liaR mutant relative to the level in the wild-type strain. Moreover, the expression of the srf operon was repressed more than 5-fold in the liaR mutant and about 2-fold in the liaF mutant.
Without external stimuli, the Lia system is inactive during mid-logarithmic growth phase (29) . Hence, we did not expect to see strong effects in the microarray comparison of the liaR mutant (Lia OFF) versus the wild-type strain. Nevertheless, a number of loci were significantly affected in their expression. More than 12 consecutive genes downstream from and including wapA were induced 4-to 6-fold, while the expression of this locus was unaffected in the liaF mutant (Table 4) . Moreover, the expression of the stress-inducible ytrABCDEF operon is also increased about 4-fold. The expression of this operon is a very sensitive, albeit nonspecific marker for a diverse set of stress conditions (62) , indicating that the inactivation of the Lia system causes some kind of cellular stress. Two loci (pel and catDE) showed a Ͼ5-fold-reduced expression level in the liaR mutant without being affected in the Lia ON mutant.
Leaving these minor and presumably nonspecific effects aside, the results of our microarray analysis strongly suggest that an activated Lia system seems to specifically affect the expression of only three target loci, liaIH-liaGFSR, yhcYZyhdA, and the ydhE gene.
The ydhE gene is a novel target of LiaR-dependent gene regulation. Based on the microarray data, we next analyzed the LiaR-dependent ydhE expression in more detail. The initial bioinformatic analysis of the short intergenic region upstream of ydhE revealed a suitable ribosome binding site but neither a strong promoter nor an obvious LiaR binding site. Using 5Ј rapid amplification of cDNA ends (RACE), we mapped the transcriptional start site to an A 50 nucleotides upstream from the start codon, which allowed us to identify a potential but poorly conserved A -type promoter sequence ( Fig. 2A) . Based on this information, we then performed a promoter (54) . All fragments had the same 3Ј end, extending 169 nucleotides into the ydhE gene ( Fig. 2A shows the exact 5Ј end of all relevant constructs, and Fig. 2B is a schematic representation) . The resulting plasmids, pAJu604, pDW602, pDW604, pJR601-pJR602, and pSK602, were used to transform the liaF mutant, resulting in strains TMB419-421 and TMB676/-721/-769 (see Table 1 for details). Subsequent ␤-galactosidase assays of the initial promoter set showed that all larger fragments down to position Ϫ79 showed a strong Lia-dependent expression in the liaF mutant (Fig. 2C ) but only a basal expression level in the wild type (about 10 Miller units; data not shown). The Ϫ57 fragment showed a strongly reduced basal activity, while the Ϫ34 fragment, which already lacked parts of the Ϫ35 promoter regions, only showed background activity of less than one Miller unit (Fig. 2C) . A closer inspection of the sequence between the Ϫ79 and the Ϫ57 fragment revealed one potential LiaR binding signature (TAaGtC----GcaGcA) at the 3Ј end of ydhD ( Fig. 2A and  D) . While the four core residues at the ends of the two repeats are conserved (boldface), only two more residues fit to the position weight matrix (capital letters) (16) , and no additional complementary bases could be detected. To exactly map the LiaR binding site upstream of ydhE, two additional fragments (Ϫ74 and Ϫ71) were cloned and corresponding reporter strains (TMB676 and TMB769) constructed, and ␤-galactosidase activities were measured in the liaF mutant background. The data support this motif, since the Ϫ74 fragment still has the maximum activity, while a further 5Ј truncation of only three more nucleotides in the Ϫ71 fragment already leads to a 10-fold-reduced level of activity (Fig. 2C) . Therefore, we conclude that the inverted repeat described above indeed represents the LiaR binding site upstream of ydhE (Fig. 2D) .
The liaIH operon is the only relevant LiaR target in vivo. Studies of LiaFSR-like systems in four different Firmicutes bacteria allowed the identification of a conserved inverted repeat element as the binding sequence for LiaR-like response regulators (16, 29, 43, 55) . While there is some variation between binding sites from Bacillus/Listeria species (group I) and Firmicutes cocci (group II), a minimal and almost invariant core 6-4-6 motif, TNNNNC----GNNNNA, can be extracted, with normally at least two additional residues having complementary partners in each side of the repeat (16) . While this rule certainly applies for the binding site of the liaI promoter, the inverted repeats identified upstream of yhcY and ydhE are poorly conserved (Fig. 2D) . Moreover, only P liaI can be induced by bacitracin, a stimulus known to strongly activate the LiaFSR system (46) . In contrast, the two other promoters only respond in a LiaR-dependent manner in the absence of the
FIG. 1. Identification of LiaR-dependent target genes. (A)
Genomic organization of potential LiaR target genes as identified by DNA microarray analysis. Expression of the liaIHGFSR operon, yhcYZ-ydhA operon, and the ydhE gene are strongly induced in a Lia ON mutant relative to their expression in the wild-type strain (see fold-change values above the arrows; n.a., values derived for these genes are an artifact due to replacing the liaF gene with the kanamycin resistance cassette). (B) Measurement of the ␤-galactosidase activity of the P liaI , P yhcY , and P ydhE promoters in the wild type (wt) and the corresponding liaF::kan background. Cultures of strains TMB016 (P liaI -lacZ), TMB018 (P liaI -lacZ liaF::kan), TMB071 (P yhcY -lacZ), TMB095 (P yhcYlacZ liaF::kan), TMB222 (P ydhE -lacZ), and TMB224 (P ydhE -lacZ liaF::kan) were grown in LB medium to mid-log phase and then split. One half was induced by the addition of bacitracin (ϩ Bac; 50 g ml Ϫ1 final concentration), and the other half served as an uninduced control (Ϫ Bac). Cells were harvested after 30 min of incubation and assayed as described previously (46) . ␤-Galactosidase activity is expressed in Miller units (47) . Error bars show standard deviations. (C) Northern blot analysis. Expression of liaIHGFSR, yhcYZ-yhdA, and ydhE was measured using 5 g of total RNA from each strain sample (wild type, inhibitor protein LiaF but cannot be induced by bacitracin (Fig. 1B) .
To investigate the relevance of these two potential LiaR binding sites, we performed gel mobility shift assays with the purified response regulator LiaR to directly study its interaction with the three promoter regions containing the identified LiaR boxes (Fig. 2D ) in vitro. In the presence of acetyl phosphate as a small-molecule phosphodonor, a clear shift was observed for the liaI promoter region, whereas neither the unspecific DNA fragment (bceA) nor either of the other two promoters showed any shift (Fig. 3) . The shift of the liaI promoter was dependent on the phosphorylation of LiaR, since no shift was observed in the absence of acetyl phosphate (Fig. 3) . Taken together, these three observations raised doubts about the in vivo relevance of the yhcY and ydhE promoter regions as LiaR target loci of B. subtilis.
To further substantiate our findings and to analyze whether the significantly increased mRNA levels for all three targets translate into increased amounts of the corresponding proteins, we next performed a comprehensive proteomics study. Since all gene products but one (LiaI) encoded by these three loci are predicted to be soluble proteins, we only investigated the cytoplasmic proteome, again by comparing the protein signature of a wild-type strain with those of the isogenic liaF::kan and liaR::kan mutants. The results are shown in Fig.  4 and Fig. S1 in the supplemental material. Overall, the proteome signatures show very few significant differences in spot intensity. The most drastic changes were observed for LiaH, which was found to be the predominant cytoplasmic protein in the liaF mutant (see Fig. S1 in the supplemental material). It could be identified in six independent spots, indicative of posttranslational modifications (Fig. 4A) . A comparably complex pattern of LiaH expression has recently been observed in daptomycin-treated wild-type cells of B. subtilis (59) , underlining the relevance of our finding. The nature of these posttranslational modifications remains to be identified. But mass spectroscopy analyses of LiaH protein bands isolated from SDS-PAGE gels identified one LiaH-specific peptide with a mass increase corresponding to one phosphate group (data not   FIG. 2 . Characterization of the ydhE promoter and determination of LiaR binding sites. (A) Sequence of the ydhE promoter region, including the postulated LiaR binding site (black arrows, boldface, and bold boxes), the Ϫ35 and Ϫ10 promoter regions, transcription start site, and ribosome binding site (RBS) (all in boldface italics), and the start and stop codons (ATG and TAG, respectively; in boldface). The minimal LiaR-dependent promoter fragment is underlined. Note that the labeling of the 5Ј end of the fragments for the promoter deletion analysis in panels A and B is given relative to the transcription start (ϩ1) for reasons of clarity. This nomenclature differs thereby from the labeling of the fragments for cloning (Tables 1 and 2 
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LiaR RESPONSE OF BACILLUS SUBTILIS 4687 shown). This observation, together with the clear pI shift of the spots in the 2-D gels (Fig. 4A ), indicates that phosphorylation seems to be at least one type of posttranslational modification for LiaH. The only other protein that showed a significant difference in its cellular amounts did not match any of the mapped proteins of the B. subtilis proteome. It could be detected in both mutants but was completely absent in the wild type. Mass spectroscopy revealed that the spot is comprised of the product of the kanamycin resistance gene. Compared to the basal expression level in the liaR mutant, its amount was further increased in the liaF mutant because of the autoregulatory feedback loop (Fig. 4B) .
Despite significant promoter activity of both P yhcY and P ydhE in the liaF mutant (Fig. 1B) and strong signals for the corresponding transcripts (Fig. 1C) , we were unable to detect any of the gene products encoded by these two loci. Taken together, our collective data suggest that the liaIH operon is the only LiaR target of relevance under natural conditions. Hence, we decided to focus our attention on this operon to understand the physiological role of the Lia response of B. subtilis.
The Lia system is not involved in cellular differentiation in B. subtilis. We had previously shown that the expression of the liaIH operon is embedded in the AbrB-/Spo0A-dependent differentiation cascade, which ultimately leads to the formation of dormant endospores (30) . Therefore, we decided to investigate the influence of the Lia system on complex phenotypes associated with this regulatory cascade by comparing the behavior of liaIH and liaF mutants to that of the wild-type strain. No effects on the development of competence and endospore formation were observed. Moreover, we also moved both alleles into the nondomesticated ancestor strain NCIB3610 by SPP1 transduction to investigate multicellular phenotypes, such as colony differentiation, pellicle formation, and swarming motility, which were lost in the course of propagating the soil isolate in the laboratory environment (10) . But again, no differences were observed for the lia mutants compared to the isogenic wild type (data not shown). The only identified difference with regard to complex phenotypes was delayed spore germination in the liaF::kan mutant relative to that in the wild type. But this turned out to be an experimental artifact, based on the strong read-through transcription from the lia locus into the divergently expressed ger operon that encodes spore germination proteins (see Fig. S2 in the supplemental material for details) .
LiaIH contributes to the protection of cells against envelope and oxidative stress. The initial phenotypic screens failed to provide evidence for a role of LiaIH in resistance against cell wall antibiotics that interfere with the lipid II cycle and which also function as strong inducers of the LiaFSR system (data not shown). Since the genome of B. subtilis encodes a LiaH paralog, PspA, we wondered if the lack of phenotypes associated with a liaH mutant could perhaps be the result of a functional redundancy of these phage shock proteins, as has been observed for a number of other paralogous protein pairs in B. subtilis (57) . We therefore constructed a liaH::kan pspA::cat double mutant (TMB211) which was used in the subsequent physiological screens.
In order to get a comprehensive picture of phenotypes associated with LiaH/PspA of B. subtilis, we performed in-depth profiling by using phenotype microarrays. This technique allows the screening of hundreds of stress conditions in parallel, thereby enabling the fast and accurate identification of novel traits linked to genetic alterations (8) , here, between the wild type and the isogenic liaH pspA and liaF mutant strains. The results of this study are summarized in Table S2 in the supplemental material. Overall, a relatively small number of rather diverse phenotypes could be associated with either the Lia ON mutant or the liaH pspA double mutant, and many effects were weak (data not shown). Only two types of stresses were represented by a number of compounds each. ␤-Lactam (cephalexin and cefotaxime) and additional cell wall antibiotics from our own screens (daptomycin, enduracidin, nisin, and fosfomycin) pointed toward a role of the phage shock proteins from B. subtilis in maintaining envelope integrity. Moreover, the sensitivity of lia mutants was also affected in the case of some compounds causing oxidative stress, such as menadione, plumbagin, sodium selenite, and hydrogen peroxide.
To verify and investigate these phenotypes in more detail, we next performed detailed follow-up studies to determine the MICs for larger panels of cell wall antibiotics and oxidative stress agents. We also performed serial dilution spot tests, using the individual liaH and pspA mutants to analyze the contribution of each of the two phage shock protein homologs to the observed phenotypes. Importantly, any increased sensitivity in the liaH pspA double mutant could be attributed to LiaH alone (data not shown). Therefore, only the results for the liaH mutant are shown. The results are summarized in Table 5 , as well as in Fig. S3 in the supplemental material. In general, the MIC differences were moderate, rarely exceeding a 2-to 4-fold increased sensitivity of the liaH mutants relative to that of the wild type. The effects were more obvious in the serial dilution spot tests: at critical stressor concentrations, the survival rate of the liaH mutant was reduced between one and four orders of magnitude, depending on the compound tested (Table 5 ; also see Fig. S3 in the supplemental material) . Upregulation of LiaIH expression in the liaF mutant hardly ever affected the stress sensitivity, with the exception of sensitivity to the ␤-lactam antibiotic cephalexin. Here, the wild type and the liaH mutant showed comparable behavior, while 10 to 100 times more cells of the liaF mutant survived in the presence of 0.25 g/ml cephalexin (see Fig. S3 in the supplemental material).
Previous studies had identified a number of cell wall antibiotics as strong inducers of the Lia response, most of which interfered with the membrane-anchored lipid II cycle (i.e., bacitracin, daptomycin, enduracidin, ramoplanin, nisin, and vancomycin). In contrast, antibiotics that inhibit early (cytoplasmic; i.e., fosfomycin and D-cycloserine) or late (extracellular; i.e., ␤-lactams) steps of cell wall biosynthesis did not induce the liaI promoter (28, 46) . Remarkably, LiaH does not confer any resistance against most of its inducers, with the exception of enduracidin and daptomycin ( Table 5 ). The role of LiaH in counteracting daptomycin damage was recently reported in an independent study (20) . On the other hand, LiaH had a significant effect on the viability of B. subtilis in the presence of some cell wall antibiotics that do not function as inducers of the Lia response, such as fosfomycin and some ␤-lactams (Table 5). The significance of this finding remains to be investigated.
LiaH forms large oligomeric rings with a 9-fold rotational symmetry. LiaH and PspA both belong to the phage shock protein family, which is widely conserved in the microbial world. A phylogenomic analysis revealed that members can be found in the Actinobacteria and Firmicutes (Gram positive) and Proteo-and Cyanobacteria (Gram negative) and also in the Archaea and even in the chloroplasts of plants (data not shown). While the exact physiological role of phage shock proteins is still a matter of ongoing studies, one structural feature that seems to be conserved even in distantly related phage shock proteins is the formation of large oligomeric ringlike structures (3, 22) .
To verify a functional relationship of LiaH to better-investigated phage shock proteins, we overexpressed and purified LiaH to near homogeneity as a His-tagged fusion protein (see Materials and Methods for details). Oligomerization was studied both by transmission electron microscopy and by gel filtration (Fig. 5 ). In the presence of 100 g l Ϫ1 PEG-2000 (to increase the viscosity of the protein solution in order to simulate the cytoplasmic environment), a LiaH solution readily formed large ring-like complexes of homogenous sizes (Fig.  5A) . Close-up views of individual complexes indicate the formation of bagel-shaped oligomers of about 25 nm in diameter, which can be seen at different angles (Fig. 5B) . From 400 particles randomly selected and analyzed, 46.2% showed the top-view projection form, 23.8% the tilted-view form at different angles, and 16.0% the side-view form. Fourteen percent of the particles could not be assigned (mostly smaller fragments of the 25-nm complex). The images of the side-view form clearly show an accumulation of negative staining solution along the long axes of the protein complexes, separating the ring into two substructures. This is indicative for an indentation (as shown in the schematic models) but not necessarily for two separate rings. Side-view forms consisting of just one single ring could not be observed in the preparation.
We performed Markham rotations of top-view forms to analyze the symmetry of these complexes (42) . This analysis c Survival rates were determined by serial dilution spot tests on Mueller-Hinton agar plates at the following "critical" compound concentrations: fosfomycin, 250 g ml
Ϫ1
; cefotaxime, 0.1 g ml
; enduracidin, 0.01 g ml Ϫ1 ; daptomycin, 0.15 g ml
; cephalexin, 0.2 g ml Ϫ1 ; plumbagin, 2.5 g ml
; menadione, 1.25 g ml Ϫ1 ; t-butyl hydroperoxide, 0.3 mM; cumene hydroperoxide, 0.003%; sodium selenite, 125 g ml Ϫ1 . All values are given relative to the result for the wild type as a reference, which was therefore set to 10 clearly revealed a 9-fold rotational symmetry of the LiaH rings (Fig. 5C ). The stability and homogeneous size distribution of the LiaH complexes was verified by analytical gel filtration experiments (Fig. 5D) . Moreover, these studies also demonstrated that the LiaH complexes have a molecular mass of at least 1,250 kDa, which is in good agreement with the formation of a 36-mer (i.e., a nonamer of tetramers), as has also been suggested for E. coli PspA (22) .
DISCUSSION
In this work, we have combined transcriptomics, proteomics, and in-depth phenotypic profiling to define the LiaR response of B. subtilis. We could demonstrate that three loci, liaIHliaGFSR, yhcYZ-yhdA, and ydhE, which are preceded by a putative LiaR binding site, are also expressed in a Lia-dependent manner ( Fig. 1 and 2) . However, subsequent analyses suggested that only the lia operon itself is a relevant target locus of LiaR in vivo (Fig. 3 and 4) . We hypothesize that an important factor contributing to these discrepancies between the wild-type situation and the response in a Lia ON mutant is the autoregulatory feedback loop: in the absence of the inhibitor protein LiaF, the TCS LiaRS is not only fully active, it also strongly (and constitutively) induces its own expression (29) . Under these conditions, the accumulated cellular pool of phosphorylated LiaR obviously also mediates enhanced expression from promoters containing weakly conserved LiaR boxes that do not play any role as target loci in the wild-type situation. While the putative LiaR binding sites of P yhcY and P ydhE are located at about the same distance relative to the transcriptional start site, they are significantly more weakly conserved (Fig. 2D ) and presumably have a LiaR binding affinity that excludes recognition by this response regulator under normal physiological conditions. This hypothesis is supported by the results from the in vitro gel retardation assays (Fig. 3) .
Our collective data argue for the liaIH-liaGFSR operon as the only relevant target of LiaFSR-dependent signal transduction. This hypothesis is also supported by the results of a comparative genomics analysis indicating that in the Bacillus/ Listeria group, homologs of the liaIH operon are the primary target(s) of Lia-dependent gene expression (29) . This operon encodes a small putative membrane protein with little sequence conservation and a member of the PspA/IM30 protein family, respectively. PspA is the core component of the phage shock response of E. coli and other Gammaproteobacteria, as mentioned above. It is therefore attractive to hypothesize that the LiaFSR system of B. subtilis and other bacilli has adopted the function of the proteobacterial phage shock response.
Comparison of the Psp response of E. coli and the Lia response of B. subtilis. The core of the Psp response in E. coli consists of the stress-inducible pspABCD operon, which is regulated by PspF, encoded by a constitutive gene located upstream and inversely oriented from the psp operon (Fig. 6A ) (31) . As a homohexamer, this AAA(ϩ) enhancer protein mediates strong induction from the 54 -dependent pspA promoter in the presence of envelope stress conditions (see below for details). The activity of PspF 6 is strictly regulated by PspA. Importantly, recent biochemical analyses have demonstrated that PspA undergoes a shift in its oligomeric structure which affects its activity. Under nonstress conditions, PspA exists in a lower-order oligomer and interacts with PspF to form heterooligomers with a 6:6 stoichiometry (27) . In this form, PspA inhibits PspF, resulting in only a very low basal expression level of the psp operon. Stress induction somehow affects the PspFPspA interaction, resulting in a dissociation of the complex. Thereby, PspF is released to activate the expression of the psp operon, which strongly induces pspA expression. The resulting increase in cellular PspA amounts leads to the formation of large 36-mer PspA complexes, which then directly interact with the cytoplasmic membrane to counteract proton leakage (33) . A signaling cascade that perceives envelope damage and transduces this information to the PspA-PspF complex presumably exists but has not been characterized so far. Likely candidates for this function would be the two membrane proteins PspB and PspC (Fig. 6A) . Their genes are coexpressed with pspA, and a protein-protein interaction of both with PspA has been demonstrated (1). Joly et al. therefore proposed that part of the signal transduction mechanism is the decay of the PspABC complex in the absence of stress, which ultimately allows the formation of the PspA 6 -PspF 6 repressor complex (27) . The role of the fourth gene product of the psp operon, PspD, has not been elucidated so far, and PspE, while coexpressed, is not part of the Psp response (14) .
The Lia response, which is conserved in all Firmicutes Bacillus and Listeria species, also consists of five genes organized in two transcriptional units (Fig. 6B) . While the expression of the regulatory genes lia(G)FSR is ensured by a weak constitutive promoter, the inducible and strongly LiaR-dependent promoter upstream of the liaIH operon leads to a significant amount of read-through transcription and, therefore, a positive-feedback loop on regulator gene expression (29) , as also demonstrated by the results of the microarray analysis (Table  4) . LiaF, together with LiaRS, constitutes a cell envelope stress-sensing three-component system that is highly conserved in Firmicutes bacteria (44) . A LiaG homolog is only found in bacilli closely related to B. subtilis; its function is still unclear.
The Psp and Lia responses clearly differ from each other with regard to the mechanism of signal transduction and gene regulation (Fig. 6 ). Most importantly, there is no indication that LiaH plays any regulatory role comparable to that of E. coli PspA. A potential modulator function of LiaH on LiaRdependent gene expression, as has been discussed previously (29) , could be attributed to a genetic artifact, based again on strong positive polar effects from the inserted kanamycin resistance cassette used to replace liaH in the original mutant (data not shown).
The only direct homology between proteins of the Psp and Lia response is of PspA/LiaH, which both belong to the PspA/ IM30 protein family. While no additional sequence similarity exists in the remaining proteins involved in both responses, it is noteworthy that pspB and liaI both encode small putative membrane proteins that are coexpressed with the PspA homologs. It is therefore tempting to postulate an interaction between LiaI and LiaH, similar to that described for PspA and PspB (Fig. 6B ), but this needs to be further investigated.
A similar physiological role of PspA and LiaH is supported by the overlap of the inducer spectra of B. subtilis LiaH and PspA from E. coli. In addition to the strong induction by envelope stress, expression of the liaIH operon is induced by alkaline shock, secretion stress, and organic solvents (26, 46, 61) . In comparison, expression of the pspA operon of E. coli is induced by filamentous phage infection (hence the name), misfolded and oversecreted envelope proteins, and other stress conditions, including heat and osmotic shock, exposure to organic solvents, protonophores, and antibiotics that interfere with phospholipid biosynthesis (7, 11, 14, 23, 48) . Moreover, both genes are also induced without external stresses at the onset of or during stationary phase (30, 60) . The similarity in inducing conditions is also reflected by the relatively diverse but weak phenotypes associated with mutations in the liaIH operon (Table 5 ; also see Fig. S3 in the supplemental material), which is again reminiscent of the Psp response of E. coli and related bacteria (3, 14, 22, 48) .
The most obvious similarity between E. coli PspA and B. subtilis LiaH is the formation of large oligomeric ring-like structures with a 9-fold rotational symmetry, possibly consisting of 36-mers (Fig. 5) (22) . Comparable bagel-shaped structures have also been observed for the PspA homologs, VIPP1 from Synechocystis (Cyanobacteria), and chloroplasts from Chlamydomonas and Arabidopsis thaliana (3, 35, 38) . This conservation in both sequence and overall oligomeric structure indicates an evolutionary ancient mechanism of ensuring membrane and envelope integrity which is present in the Archaea, many eubacterial phyla, and plants. More recently, structural studies by Standar et al. (53) with detergent-free PspA preparations from membrane fractions demonstrated the formation of even larger clathrin-like so-called "PspA scaffolds" in E. coli. The exact function of these super structures is still unclear, but these large scaffolds are thought to contribute to the maintenance of membrane integrity in stressed cells, possibly through multiple PspA-membrane interactions over large surface areas (53) . This assumption of an overall PspA layer to support membrane integrity is somewhat contradicted by recent findings that PspA localizes in discrete regions of the cell, such as midcell and the lateral cell wall (17) . The localization of these PspA complexes, which are highly dynamic structures, depends on the bacterial cytoskeleton element MreB. In the absence of MreB, the Psp response is still induced, but the cells are no longer protected against membrane stress. This finding strongly suggests that the protective function of PspA complexes requires the bacterial cytoskeleton (17) . These observations demonstrate that despite a number of groundbreaking recent studies and our progress in understanding the Psp response of gammaproteobacteria, the exact physiological role of PspA/IM30 proteins is still not fully understood. Conclusions and outlook. Taken together, this is the first report on the Psp response in low-GϩC Gram-positive bacteria. Based on the clear conservation in the genomic context of the lia locus and the identification of putative LiaR binding sites, the overall organization (with the noteworthy exception of liaG, which is only present in Bacillus spp. closely related to B. subtilis) and regulation seem to be conserved in other Firmicutes bacilli and, presumably, also in Listeria spp. (29) . For the latter, the liaIH and liaFSR operons are in separate genomic locations. However, both are preceded by a LiaR box (29) . The work presented in this study was aimed at defining the Lia response of B. subtilis. Our data strongly suggest that, in contrast to the large LiaRS regulons identified in Firmicutes cocci (16, 36, 43, 55) , the Lia response in Bacillus and Listeria spp. only orchestrates a phage shock protein-like response, encoded by the liaIH operon. Future studies now need to unravel the physiological role of the two corresponding proteins. Based on the data from E. coli PspA, phage shock proteins seem to exhibit their function through protein-protein and protein-membrane interactions. Accordingly, we first need to investigate the localization and identify potential protein interaction partners of LiaH. The latter will also help to answer the question of whether LiaH, like PspA, also functions as an AAA(ϩ) adaptor protein, despite the lack of a PspF homolog in B. subtilis.
